The nature of ultrahigh-energy cosmic rays (UHECRs) at energies >10 20 eV remains a mystery 1 . They are likely to be of extragalactic origin, but should be absorbed within ,50 Mpc through interactions with the cosmic microwave background. As there are no sufficiently powerful accelerators within this distance from the Galaxy, explanations for UHECRs range from unusual astrophysical sources to exotic string physics 2 . Also unclear is whether UHECRs consist of protons, heavy nuclei, neutrinos or g-rays. To resolve these questions, larger detectors with higher duty cycles and which combine multiple detection techniques 3 are needed. Radio emission from UHECRs, on the other hand, is unaffected by attenuation, has a high duty cycle, gives calorimetric measurements and provides high directional accuracy. Here we report the detection of radio flashes from cosmic-ray air showers using lowcost digital radio receivers. We show that the radiation can be understood in terms of the geosynchrotron effect [4] [5] [6] [7] [8] . Our results show that it should be possible to determine the nature and composition of UHECRs with combined radio and particle detectors, and to detect the ultrahigh-energy neutrinos expected from flavour mixing 9, 10 . When UHECRs interact with particles in the Earth's atmosphere, they produce a shower of elementary particles propagating towards the ground with almost the speed of light. The first suggestion that these air showers also could produce radio emission was made 11 on the basis of a charge-excess mechanism, which is very strong for showers developing in solid media 12, 13 . In a couple of experimental activities in the 1960s and 1970s, coincidences between radio pulses and cosmic ray events were indeed reported 14, 15 . Owing to the limitations of electronics in those days, the measurements were cumbersome and did not lead to useful relations between radio emission and air shower parameters. As a consequence, the method was not pursued for a long time and the historic results came into question. However, the mechanism for the radio emission of air showers was recently revisited and proposed to be coherent geosynchrotron emission 4 : Secondary electrons and positrons produced in the particle cascade rush with velocities close to the speed of light through the Earth's magnetic field and are deflected. As in synchrotron radiation, this produces dipole radiation that is relativistically beamed into the forward direction. The shower front emitting the radiation has a thickness that is comparable to (or less than) a wavelength for radio emission below ,100 MHz. Hence the emission is expected to be coherent to a large extent, which greatly amplifies the signal. To see whether radio emission from cosmic rays is indeed detectable and useful in a modern cosmic ray experiment, we have built the LOPES (LOFAR Prototype Station) experiment. LOPES is a phased array of dipole antennas with digital electronics developed to test aspects of the LOFAR (Low-Frequency Array) concept. Compared to historical experiments, it provides an order of magnitude increase in bandwidth and time resolution, effective digital filtering methods, and for the first time true interferometric imaging capabilities. The radio array is co-located with the KASCADE 16 (Karlsruhe Shower Core and Array Detector) experiment that is now part of KASCADE-Grande at the research centre in Karlsruhe, Germany (see Supplementary Fig. 1 ). KASCADE provides coincidence triggers for LOPES and well-calibrated information about air shower properties. Experimental procedure and data reduction have been described by Horneffer et al. 17 , and we give here only a brief summary in the Methods section. A related experiment is currently under way at the Nançay radio observatory 18 . Using LOPES, we have detected the radio emission from cosmic ray air showers at 43-73 MHz on a regular basis with unsurpassed spatial and temporal resolution (see Supplementary Fig. 2 ). After digital filtering of radio interference we still have almost the full bandwidth of Dn ¼ 33 MHz available, giving us a time resolution of Dt < 1/Dn ¼ 30 ns compared to ,1 ms resolution in historic experiments. Using radio interferometric techniques we can also image the radio flash for the first time. An example is shown in Fig. 1 , where the air shower is the brightest radio point source on the sky for some tens of nanoseconds (see also Supplementary Video 1). The nominal resolution in our maps is ,28 in azimuth and elevation towards the zenith. Within these limits the emission appears point-like. To put this in perspective, we note that previous radio experiments used fixed analogue beams with a width of ,208 and no possibilities for imaging. Current detectors for UHECRs (for example, AUGER) are limited to about ,18 accuracy. Positional accuracies for LOPES can be a fraction of a degree for bright sources. This will improve further with interferometer baselines longer than used here.
To make an initial and reliable statistical assessment of the radio properties of air showers, we have investigated a rather restrictive set of events with relatively high signal-to-noise ratio and simple selection criteria. The criteria are purely based on shower parameters reconstructed from KASCADE. Using events from the first half year of operation, starting January 2004, we selected all events with a shower core within 70 m of the centre of LOPES, a zenith angle ,458, and a reconstructed 'truncated muon number' of N m . 10 5.6 < 4 £ 10 5 . The truncated muon number is the reconstructed number of muons within 40-200 m of the shower core. For KASCADE, this quantity is a good tracer of primary particle energy 19 , E p / N m 0.9 . The selection corresponds approximately to E p . 10 17 eV. This is the upper end of the energies that KASCADE was built for. Using these selection criteria ('cuts') leaves us with 15 events and a 100% detection efficiency of the radio signal. This avoids any bias due to nondetections. The rather restrictive cut on the shower core location allows us to ignore radial dependencies. Also, the antenna gain reduces significantly at zenith angles .458. Even though neither KASCADE nor LOPES are optimized for large zenith angles, we have also checked for highly inclined events. Selecting all events with a much lower truncated muon number of N m . 10 5 and zenith angle .508 we still detect .50% of all events-in many cases with very high field strengths. However, given the current uncertainties of KASCADE in shower parameters for inclined showers, we ignore those events for our analysis below.
The strength of the detected radio pulses in our sample is some mV per m per MHz at present, but we still lack an accurate absolute gain calibration. The position of the radio flashes are coincident with the direction of the shower axis derived from KASCADE data within the errors. The average offset is (0.8^0.4)8 as determined from our radio maps.
We find the strongest correlations between the absolute value of the electric field strength height of the pulse, 1 and N m , and between 1 and the geomagnetic angle, a B . The latter is defined as the angle between the shower axis and the geomagnetic field. No obvious correlation is found with the zenith angle. Theory 4 predicts that owing to coherence the electric field strength should scale linearly with the number of particles in the shower, which-for KASCADEis approximately proportional to the number of muons. Hence, to first order we can separate the two effects by dividing the electric field of the radio pulse by the truncated muon number. We find that
, where the lowest geomagnetic angle in the sample was a B ¼ 88 (see Supplementary Fig. 3) . It is also possible to use a 1 m / sina B behaviour, which for our data gives only marginally worse results. Simulations 6, 7 indicate that this strong dependence on a B is largely a polarization effect, as LOPES antennas currently measure only a single polarization in the east-west direction.
We can use this dependence to correct for the geomagnetic angle. Figure 2a shows the measured radio signal 1 plotted against muon number, while Fig. 2b shows the same plot where we use a normalized field strength height, 1 a , corrected for the (1 2 cosa B ) dependence. The correlation, albeit with only few events, clearly improves and shows a remarkably low scatter of^16%. For an error-weighted nonlinear fit we find that 1 a / N m 1.2^0.1 , which, within the errors, is consistent with a linear relation, 1 a / E p .
The close association between radio flashes and cosmic ray air showers in direction and time shows that the radio emission is directly associated with the shower itself. Our selection of events based purely on shower parameters has yielded a 100% detection efficiency, suggesting that radio emission from extensive air showers is a common and reliable tracer of cosmic rays. As predicted, the electric field of the radio emission is coherent. The good correlation with the geomagnetic angle demonstrates that the emission is caused by the interaction of the shower with the Earth's magnetic field. All results that we have found so far match the basic predictions for the geosynchrotron effect.
The most encouraging result is the very tight correlation of the radio emission with the primary particle energy. The essentially linear increase of the electric field strength with energy is a consequence of coherence, and hence the received radio power will increase quadratically with primary particle energy, making this technique particularly suitable for cosmic rays at much higher energies than studied here. For covering large detector areas-to increase count rates at the high-energy end of the UHECR spectrum-radio antennas are particularly suitable, owing to their ease of deployment and low cost.
Radio detection of cosmic rays with digital phased arrays has a number of features that make it superior (or complementary) to current techniques for UHECR detection in a number of areas. For example, the good directional accuracy reachable with radio interferometers will significantly improve clustering studies in search for UHECR point sources if used in a large ground array like LOFAR.
Another very promising area involves composition studies. The number of electrons integrated over the entire shower, revealing the primary particle energy, is difficult to determine with particle detectors: only a small fraction of these electrons reach the ground, due to their short absorption length. Muons, on the other hand, reach the ground largely unharmed, and their number is higher for showers produced by an iron nucleus compared to proton-induced, or even g-induced, showers. Hence, a combined radio-and muondetector array could determine the spectrum and composition of UHECRs. Compared to hybrid detector arrays, where optical fluorescence techniques with ,10% duty cycle are used to obtain calorimetric measurements, the duty cycle for radio hybrid studies would be almost ten times higher. Hence radio arrays could be the way to study UHECR composition at the very highest energies, where much larger event rates are needed than are currently available.
A particularly intriguing application concerns highly inclined showers, which were expected to be very easily detected with radio antennas 5, 6, 20 . The predicted detectability is supported by our high detection rate of showers at large zenith angles, despite a lower threshold on muon number. Highly inclined showers travel through several times the vertical air mass, and very few shower particles reach a detector on the ground. The exceptions are neutrinos, which can travel large distances without interactions and generate inclined showers at any distance to the ground 9 . Showers induced by electron neutrinos will have a relatively low hadronic component relative to the leptonic component. Therefore, for inclined showers the ratio between the radio and the muon signal on the ground will be a tell-tale signal of electron neutrinos.
Additionally, it has been suggested that Earth-skimming tau neutrinos, produced through flavour mixing, will also lead to highly inclined air showers when the secondary tau decays after some 50 km travel length at 10 18 eV (ref. 10) . No hadronic or photon showers are expected at such low inclinations. Hence, radio antennas with sensitivity towards the horizon would also be ideal tau neutrino detectors and provide clues about flavour mixing. Although the first detection of ultrahigh-energy neutrino events would be extremely exciting in itself, the calorimetric and far-looking nature of radio detection would even allow a relatively reliable energy determination of electron and tau neutrino showers-something that had been considered extremely difficult in the past with surface detector arrays 10 .
METHODS
Description of the array and standard data processing. The current set-up of LOPES consists of 10 'inverted-V' antennas distributed over the KASCADE array 16 , which consists of 252 detector stations on a uniform grid with 13 m spacing, and which is electronically organized in 16 independent clusters. Each antenna is centred between four KASCADE huts in the northwestern part of the array. The antenna set-up has a maximum baseline of 125 m.
The analogue radio signal received by the antenna is filtered to select a band from 43 to 76 MHz, giving a bandwidth of Dn ¼ 33 MHz, and is digitized with a 12-bit, 80-MHz analogue-to-digital converter (ADC), that is, using the second Nyquist zone (40-80 MHz) of the ADC. The data are continuously written into a cyclic ring buffer with a buffering time of 6.7 s (1 Gbyte). About 0.8 ms of data are read out whenever KASCADE produces a 'large-event trigger', which means that 10 out of 16 KASCADE clusters have produced an internal trigger. The resulting trigger rate is about two per minute, giving a total data volume of about 3.5 Gbyte d
21 . The dead-time during read-out is ,0.6 s. On average the trigger is delayed with respect to the shower by 1.8 ms, depending on the shower geometry relative to the array.
We relate the radio signal to shower properties using parameters provided by the standard KASCADE data processing from the particle detectors 16 . These parameters are: location of the shower core, shower direction, energy deposited in the particle detectors, total number of electrons at ground level, and the reconstructed truncated muon number.
The basic processing of the data consists of several steps: correction of instrumental delays for each antenna using a TV transmitter with known position, digital filtering of narrow-band interference, frequency and elevation-dependent gain correction for each antenna, flagging of antennas with unusually high noise, and correction of trigger delays based on shower direction. Delay corrections are done by applying a phase gradient to the Fourier transform of the time series data. Digital filtering is achieved by setting the amplitudes of narrow-band transmitters in the Fourier domain to an average value of the surrounding channels 17 . In the next step, a digital beam is formed in the direction of the shower axis by correcting for the delay of the light-travel time, and summing up the digitized and calibrated E-field time series data from each antenna ('adding beam'). Alternatively, one can also add up data from each unique combination of antennas where the E-field time series data of the antennas in each pair have been multiplied ('cross-correlation beam') before summing. To obtain the received power, the adding beam needs to be squared. Conversion back to 'historically' used units 15 of mV m 21 MHz 21 -an integrated absolute pulse field strength height 1-is done by multiplying with 1/Dn and taking the square root of the data.
We fit a gaussian profile to the largest peak in a narrow time window around 21.8 ms from the trigger signal where the shower is expected to arrive. Finally, we check for the curvature of the wave front by correcting antenna delays assuming a spherical wave front with curvature radius R cur , and iterating R cur until the radio peak is maximal.
The average full-width at half-maximum of the radio pulses in time was 49^10 ns. This is mostly due to broadening by the finite filter bandwidth, which we have not yet attempted to deconvolve. The average curvature radius of the wave front was R cur ¼ 5,000^3,000 m, the latter being a statistical scatter. The curvature is rather poorly determined, as our longest baselines are an order of magnitude smaller than the average R cur . Curvature has only a significant effect for events with high signal-to-noise ratio. For weak events, the change in amplitude for different R cur is less than the noise in the pulse height. An analysis using a fixed value of R cur ¼ 2,500 m for each event was found to change the final result in this Letter only marginally.
In addition to the standard data reduction described above, we produced for each of the selected events a sky-map of the radio emission. The mapping routine calculates the radio intensity by adding the electric fields of the dipoles for a fourdimensional data grid as a function of azimuth, elevation, distance and time. We used a spatial resolution of 0.28 on the plane of the sky, distance slices separated by 250 m, and a time resolution of 12.5 ns. Within this four-dimensional data cube we located the intensity maximum to obtain the radio properties of the shower, and fitted a gaussian to the time profile. The resolution of the interferometer beam (,28) becomes asymmetric and degrades in elevation for sources towards the horizon, as we have a planar array.
